A plant-specific family of WRKY transcription factors regulates plant responses to pathogens and abiotic stresses. Here, we identify two insect-responsive WRKY genes in the native tobacco Nicotiana attenuata: WRKY3, whose transcripts accumulate in response to wounding, and WRKY6, whose wound responses are significantly amplified when fatty acidamino acid conjugates (FACs) in larval oral secretions are introduced into wounds during feeding. WRKY3 is required for WRKY6 elicitation, yet neither is elicited by treatment with the phytohormone wound signal jasmonic acid. Silencing either WRKY3 or WRKY6, or both, by stable transformation makes plants highly vulnerable to herbivores under glasshouse conditions and in their native habitat in the Great Basin Desert, Utah, as shown in three field seasons. This susceptibility is associated with impaired jasmonate (JA) accumulation and impairment of the direct (trypsin proteinase inhibitors) and indirect (volatiles) defenses that JA signaling mediates. The response to wounding and herbivore-specific signals (FACs) demonstrates that these WRKYs help plants to differentiate mechanical wounding from herbivore attack, mediating a plant's herbivore-specific defenses. Differences in responses to single and multiple elicitations indicate an important role of WRKY3 and WRKY6 in potentiating and/or sustaining active JA levels during continuous insect attack.
INTRODUCTION
In nature, plants battle continuously against pathogens and herbivores; these attack plants in various ways, possess diverse feeding methods, and evolve resistance to plant defenses (Agrawal, 2001) . In return, plants have evolved structural and chemical barriers that, along with induced defenses, counter herbivore attacks. Induced defenses, which are deployed only when protection is needed, allow plants to forgo the costs of defense production (Heil and Baldwin, 2002) and optimize their ability to compete with other plants (Zavala et al., 2004) or to tolerate the damage caused by resistant herbivores (Stowe et al., 2000; Schwachtje et al., 2006) . These defenses include the rapid accumulation of toxins, antidigestive proteins, and antifeedants expressed both locally at the feeding site and systemically in unattacked tissues. Direct defenses that diminish the suitability of plant tissues as food for herbivores can be simultaneously deployed with indirect defenses, such as the production of extra floral nectars (Heil et al., 2001) or volatile alarm calls that attract predators or parasitoids to eliminate feeding herbivores (Dicke and Sabelis, 1988; De Moraes et al., 1998; Kessler and Baldwin, 2002) . Many of these defenses are coordinated by a jasmonate (JA)-dependent signaling cascade that is required to activate and rapidly disseminate the elicited responses throughout the plant (Halitschke and Baldwin, 2003; Kalde et al., 2003) .
A complex suite of defenses is elicited when herbivorespecific elicitors are introduced into wounds during feeding; these rapidly activate large-scale transcriptional changes, phytohormone signaling, and posttranslational modifications of proteins (Halitschke et al., 2000; Halitschke and Baldwin, 2003; Kalde et al., 2003) . Such responses are often found to be specific to the attacker (Walling, 2000; Kessler and Baldwin, 2002; Voelckel and Baldwin, 2004; Schmidt et al., 2005; Ralph et al., 2006; Wu et al., 2007) . Large-scale and specific transcriptional responses, which are mediated by transcription factors that bind DNA in a sequence-specific manner, illustrate how adaptive phenotypic plasticity evolves. A number of the transcription factors that specifically mediate responses to pathogens, wounding, and abiotic stresses have been identified (Jakoby et al., 2002; Ulker and Somssich, 2004; Eulgem and Somssich, 2007) .
The WRKY transcription factors, which make up one of the largest groups of transcription regulators, are unique to plants. These proteins typically contain one or two WRKY domains composed of ;60 amino acids with the conserved amino acid sequence WRKYGQK, together with a novel zinc fingerlike motif (Pfam database: http://pfam.sanger.ac.uk/family? acc=PF03106). WRKY proteins bind to specific W-boxes in the promoters of their transcriptional targets, either up-or downregulating the gene expression. WRKY genes often contain W-boxes in their own promoters, suggesting that they are selfregulated or that they are regulated by other WRKY transcription factors (Ulker and Somssich, 2004; Eulgem, 2006) .
WRKY transcription factors regulate responses of plants to pathogen attack and to various abiotic stresses (see summary in Supplemental Figure 1 online). In rice (Oryza sativa), several recently described WRKY genes mediate defense responses to pathogens such as the rice blast fungus (Magnaporthe grisea) or bacterial blight (Xanthomonas oryzae) (Chuio et al., 2007; Liu et al., 2007; Qiu et al., 2007; Shimono et al., 2007; Wang et al., 2007a) . Most of the WRKY genes characterized in Arabidopsis thaliana and other plant species also help defend plants against phytopathogens and abiotic stresses (Robatzek and Somssich, 2002; Mare et al., 2004; Park et al., 2006; Knoth et al., 2007; Marchive et al., 2007; Murray et al., 2007; Ulker et al., 2007; Xie et al., 2007; Zheng et al., 2007; Zou et al., 2007) and mediate the crosstalk between JA and salicylic acid (SA) signaling pathways (Li et al., 2004) . While most WRKY genes identified so far seem to mediate antimicrobial defensive responses, in Arabidopsis, some WRKYs were found to regulate developmental processes, such as senescence and trichome development (Johnson et al., 2002; Miao et al., 2007) .
To date, only a single WRKY gene has been directly associated with defense against herbivores: the ectopic overexpression of WRKY89 in rice enhanced resistance to the white-backed planthopper Sogatella furcifera, a rice herbivore. However, the resistance mechanisms regulated by WRKY89 remain unknown (Wang et al., 2007a) . Here, we describe two novel WRKY transcription factors from the native tobacco Nicotiana attenuata, WRKY3 and WRKY6 ( Figure 1A ), which are strongly upregulated in plants attacked by Manduca sexta (Hui et al., 2003) . Moreover, plants accumulate transcripts of these genes in response to attack by insects from other feeding guilds (Voelckel and Baldwin, 2004) .
Realizing the potential importance of these genes in plantherbivore interactions, we performed functional analysis with both genes in N. attenuata. While WRKY3 transcripts were already maximally induced in wounded leaves, we found that the herbivore-specific elicitors, fatty acid-amino acid conjugates (A) Alignment of WRKY3 and WRKY6 proteins. Identities of both proteins are shaded with black, and conserved WRKY domains are enclosed in the black box. (B) Mean (6SE) WRKY3 transcript levels in elicited (filled symbols) and unelicited (systemic; open symbols) leaves in five replicate N. attenuata wild-type plants at each harvest time and treatment. Leaves were elicited by wounding and immediately treating the puncture wounds with 20 mL of water (W; dotted lines) or 1:1 diluted OS from M. sexta larvae (solid lines). Inset: induction of WRKY3 transcripts in an independent experiment using wounding and water (W; dotted line), 1:1 diluted OS (solid line), or a synthetic mixture of the two most abundant FACs in M. sexta OS, N-linolenoyl-L-glutamine and N-linolenoyl-L-glutamate (FAC; dashed line) . Transcripts were analyzed by real-time PCR in arbitrary units after calibration with a 43 dilution series of cDNAs prepared from RNA samples containing WRKY3 or WRKY6 transcripts. (C) WRKY6 transcript levels determined as above. The X axes in (B) and (C) are on a nonlinear scale to reveal the culmination of transcript levels between 0 and 60 min. 
RESULTS

Specific Responses of WRKY3 and WRKY6 to Herbivory-Associated Signals
Previously, we conducted differential display RT-PCR (DDRT-PCR) analysis on M. sexta-attacked N. attenuata leaves and identified many early herbivory-induced genes that may help defend plants against insect herbivores (Hermsmeier et al., 2001; Hui et al., 2003) . One of them, a gene fragment with sequence similarity to the WRKY gene family in plants, was particularly strongly upregulated in M. sexta-elicited leaves. Using a 270-bp DDRT-PCR fragment and N. attenuata cDNA library derived from M. sexta-attacked shoots, two full-length cDNA sequences belonging to group I of the WRKY protein family were isolated and named Na WRKY3 and Na WRKY6 ( Figure 1A) . At the protein level, Na WRKY3 was most similar to previously isolated Nicotiana tabacum WRKY2 (89% identity at protein level), while Na WRKY6 resembled Nt WRKY1 (96% identity at protein level) (Nishiuchi et al., 2004) .
DDRT-PCR Results Suggested That at Least One of the Genes Should Be Regulated by Herbivory
Quantitative RT-PCR analysis revealed that both genes are differentially upregulated by herbivory-associated signals in gene-specific ways: WRKY3 transcript levels maximally increased in response to wounding ( Figure 1B) , those of WRKY6, in response to OS elicitation ( Figure 1C ). When synthetic FACs were applied to wounds at concentrations found in OS (Halitschke et al., 2001) , the OS-elicited increase in WRKY6 transcripts was fully mimicked (inset in Figure 1C) . Moreover, the expression of WRKY3 and WRKY6 transcription factors was shown to be independent of JA signaling, as comparable transcript accumulation was found in the wild type and in plants silenced in their expression of JA-biosynthetic enzyme lipoxygenase3 (LOX3) (see Supplemental Figure 2 online). OS-and FAC-elicited JA bursts are known to be impaired in these plants (Halitschke and Baldwin, 2003 Figure 2A) . Surprisingly, the accumulation of WRKY6 transcripts was as reduced in WRKY3-silenced plants as in WRKY6-silenced plants Figure 2B ), suggesting that WRKY3 is required for efficient WRKY6 transcript accumulation. When working with two WRKY genes that share a certain level of similarity, one must consider the possibility that the WRKY3 silencing construct might have silenced WRKY6 transcript accumulation. While the overall DNA sequence identity between WRKY3 and WRKY6 gene fragments used for silencing is only 55.9%, WRKY3 and WRKY6 do show local areas of higher identity, particularly in the conserved WRKY domains. However, in both silencing constructs, these DNA sequences were present, implying that if ir-wrky3 cosilenced WRKY6, reciprocal effects of ir-wrky6 on endogenous WRKY3 transcripts should also occur. Because this was not the case, we assume that the similarity between both genes was below the threshold required for cosilencing. In addition, we tested five other WRKY genes, each with conserved WRKY domains. In all cases, the transcripts of these genes were not significantly influenced by the silencing constructs (see Supplemental Figure 8 online).
Similar trends in WRKY3 and WRKY6 transcript levels were observed in plants elicited with M. sexta OS (data not shown), providing a strong demonstration of the functional silencing and the mutual relationship between WRKY3 and WRKY6 genes. These results indicate that WRKY6 is located downstream of WRKY3 in the signaling cascade, where it may tailor the WRKY3-mediated wound responses to the attack of a specific herbivore. This hypothesis is consistent with the observation that WRKY6 is mainly under the transcriptional control of FACs from insect OS and suggests that the herbivore signaling network consists of a wound-responsive component (WRKY3) and a nested component responsive to herbivore-specific elicitors such as FACs (WRKY6).
Silencing WRKY3 and WRKY6 Makes Plants Vulnerable to Herbivores
The performance of M. sexta larvae on WRKY3-and WRKY6-silenced plants was compared with the performance of these larvae on wild-type plants in the glasshouse: after 8 d of feeding on both WRKY3-and WRKY6-silenced lines, larvae weighed at least twice as much as those that fed on wild-type plants ( Figure  2C ; analysis of variance [ANOVA] Fisher's protected least significant difference [PLSD] , all P values < 0.05). This enhanced caterpillar mass gain correlated with large reductions in the activity of trypsin proteinase inhibitors (TPIs), an important family of plant defense proteins that interfere with efficient digestion in the gut of herbivores ( Figure 2E ; ANOVA Fisher's PLSD, all P values < 0.05). By contrast, levels of another direct defenserelated compound, nicotine, did not differ significantly between wild-type and WRKY-silenced lines (data not shown).
Silencing WRKY3 or WRKY6 Reduces M. sexta-Elicited JA and JA-Ile/-Leu Levels JA signaling is known to mediate TPI activation (Halitschke and Baldwin, 2003) ; therefore, we analyzed JA and JA-Ile/-Leu levels in attacked leaves. We found significantly smaller concentrations of JA and JA-Ile/-Leu compared with wild-type plants measured 22 and 30 h after infestation with M. sexta larvae ( Figure 2D ), which provided an explanation for the low levels of TPI activity ( Figure 2E ). Moreover, decreased phytohormone levels in WRKY-silenced plants compared with wild-type plants correlated with lower levels of the gene transcripts that encode for the JA biosynthetic enzyme LOX3 ( Figure 2D ; Halitschke and Baldwin, 2003) , suggesting that these WRKY transcription factors directly or indirectly mediate LOX transcriptional activation and, thus, JA accumulation.
Tobacco plants respond to simulated herbivory (puncture wounds created by rolling a pattern wheel the length of the leaf lamina followed by the immediate application of M. sexta OS) with a JA burst that usually attains maximum levels 60 min after elicitation. We examined the ability of WRKY-silenced plants to produce a JA burst in response to such standardized elicitation treatment. In contrast with previous results with herbivore-fed plants ( Figure 2D ), JA and JA-Ile/-Leu levels in WRKY3-and WRKY6-silenced plants were similar to those observed in the OS-elicited tissues of wild-type plants 60 min after elicitation (Figures 3A and 3C) . To determine if the number of OS elicitations could account for the difference in phytohormone response between plants that were OS elicited just once and larvaeattacked plants (continuous elicitation), we elicited plants with OS every 30 min six times, with one row of puncture wounds each time being immediately treated with 10 mL OS. JA and JAIle/-Leu were measured 30 min after the final, or sixth, elicitation. Phytohormone levels were found to be significantly lower in multiply elicited WRKY-silenced plants than in multiply elicited wild-type plants: JA concentrations were significantly reduced in both ir-wrky3 and ir-wrky6 lines ( Figure 3B ; ANOVA Fisher's PLSD, all P values < 0.05); JA-Ile/-Leu concentrations, however, were significantly reduced only in ir-wrky6 lines ( Figure 3D ; ANOVA Fisher's PLSD, P < 0.05). Although JA-Ile/-Leu levels in ir-wrky3-silenced plants tended to be reduced, only one line provided a statistically significant reduction of JA-Ile/-Leu ( Figure  3D ; ANOVA Fisher's PLSD, P = 0.0421, P = 0.0563, respectively).
Performance of WRKY-Silenced Plants in the Natural Environment
Because only multiple OS elicitations, not single OS elicitations, induced differential responses in WRKY-silenced plants, we hypothesized that the endogenous function of WRKY genes may be to integrate multiple herbivory-associated signals. Such an ability could allow plants to respond differently to a continuously feeding herbivore and an herbivore that was only sampling. As a corollary to this hypothesis, we assumed that other environmental factors that change the phytohormone balance in plants may influence the behavior of WRKY-silenced plants and that the effects of WRKY silencing may be either enhanced or suppressed in nature. In a series of experiments over three successive field seasons in 2006, 2007, and 2008 in the natural habitat of N. attenuata in the Great Basin Desert of Utah, we assessed herbivore resistance in wild-type plants paired with either ir-wrky3 or ir-wrky6 lines. In addition, heterozygous plants that were silenced in both WRKY3 and WRKY6 were created by crossing ir-wrky3 with ir-wrky6 plants; these so-called ir-wrky3 
Phytohormone Concentrations in Field-Grown Plants
In the field, we first performed a simulated herbivory test on plants that were pre-elicited by exposure to the natural environment. When the plant pairs had grown in the field for 30 d, we elicited them with a single application of OS and harvested leaves both before and 1, 3, and 24 h after OS elicitation. Analysis of JA concentrations revealed that 1 h after OS elicitation irwrky3, ir-wrky6, and ir-wrky3/6 plants were significantly impaired in their ability to produce a JA burst (;40% of the wild-type levels; ANOVA Fisher's PLSD, P = 0.0098, 0.0038, and 0.0074, respectively; Figure 4A ). In addition, the constitutive JA levels measured just before OS elicitation revealed that plants silenced in either WRKY3 or WRKY6, or both, contained only 10 to 20% of the levels of JA in wild-type plants (ANOVA Fisher's PLSD, P = 0.0002, 0.0008, and 0.0024, respectively). Like the phytohormone analysis, real-time quantitative RT-PCR analysis revealed that the relative abundance of transcripts of LOX3, which encode the key enzyme in JA biosynthesis, was significantly reduced in ir-wrky3, ir-wrky6, and ir-wrky3/6 plants ( Figure 4A ; ANOVA Fisher's PLSD, P = 0.0039, 0.0023, and 0.0005, respectively). Similar results were obtained for AOS, AOC, and OPR3 transcript levels, which were also reduced in WRKY-silenced lines ( Figure 4A ). Until now, no specific differences between WRKY3-and WRKY6-silenced plants had been found. However, when the JA-Ile/-Leu pools from OS-elicited field-grown plants were analyzed, plants silenced in WRKY3 or in both transcription factors were impaired in the accumulation of JA-Ile/-Leu (ANOVA Fisher's PLSD, P = 0.0071 and 0.0018; respectively; Figure  4B ), whereas plants lacking WRKY6 produced close to normal levels of JA-Ile/-Leu (ANOVA Fisher's PLSD, P = 0.3562; Figure  4B ) 1 h after OS elicitation. The constitutive levels of JA-Ile/-Leu in the field were also significantly lower in ir-wrky3 and ir-wrky3/6 plants; these contained ;80% of the JA-Ile/-Leu (ANOVA Fisher's PLSD, P = 0.0190 and 0.0425, respectively) found in ir-wrky6 and wild-type plants (ANOVA Fisher's PLSD, P = 0.9186). The reduced JA-Ile/-Leu accumulation in ir-wrky3 and ir-wrky3/6 plants was not due to the regulation of transcript levels of JA-amino acid synthetase JAR4 ( Figure 4B ) or Ile biosynthesisinvolved gene transcripts, Thr deaminase (TD; Figure 4B ); these transcripts were both similarly reduced in all WRKY-silenced lines, including ir-wrky6, which had wild-type levels of JA-Ile/ -Leu. (A) and (C) Leaves harvested 60 min after a single OS elicitation, during which one leaf with six rows of holes was treated with 20 mL of OS (n = 5/ genotype; * P < 0.05, as determined by Fisher's PLSD test from ANOVA). (B) and (D) Leaves harvested after multiple OS elicitations, whereby one leaf was wounded with one row of holes and 10 mL of OS was applied to the wounds. Treatment was repeated six times every 30 min, and leaves were harvested 30 min after the last elicitation (n = 5/genotype; * P < 0.05, as determined by Fisher's PLSD test from ANOVA).
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The Plant Cell (A) Mean (6SE) concentrations of JA in leaves of wild-type (solid line), ir-wrky3 (dashed line), ir-wrky6 (dotted line), and ir-wrky3/6 (dashed/dotted line) plants grown in the Great Basin Desert in Utah after a single elicitation with OS. Mean (6SE) LOX3 transcript levels of wild-type (solid line), ir-wrky3 (dashed line), ir-wrky6 (dotted line), ir-wrky3/6 (dashed/dotted line) plants (n = 6/harvest and genotype). Mean (6 SE) of AOS, AOC, and OPR3 transcript levels before (white) and 30 min after (black) OS elicitation (n = 6/harvest and genotype). Different letters reflect significant differences at P < 0.05 among plants that underwent the same treatment. The transcripts were analyzed by real-time PCR.
(B) Mean (6SE) concentrations of JA-Ile/-Leu measured as above. Mean (6SE) of Na TD and Na JAR4 transcript levels before (white) and 60 min after (black) OS elicitation (n = 6/harvest and genotype).
Silencing WRKY3 and WRKY6 Impairs Both Direct and Indirect Defenses and Increases Plants' Susceptibility to Herbivores in Nature
In glasshouse experiments, ir-wrky3 and ir-wrky6 plants were found to be more susceptible to M. sexta larvae than were wild-type plants. To determine whether WRKY3 and WRKY6 transcription factors mediate resistance to other herbivores as well, we monitored herbivore damage on plants from WRKY-silenced lines and on wild-type plants in the natural environment. Although the growth of ir-wrky6, ir-wrky3, and ir-wrky3/6 plants was indistinguishable from that of pairwise planted wild-type plants, all transformed plants were heavily attacked by Trimerotropis spp grasshoppers ( Figure 5A ; ANOVA Fisher's PLSD, P = 0.0194, 0.0040, and 0.0465; respectively) and Tupiocoris notatus mirids ( Figure 5A ; ANOVA Fisher's PLSD, P = 0.0157, 0.0039, and 0.051, respectively), the two most abundant herbivores on N. attenuata at the time.
In the glasshouse, the plants exposed to M. sexta herbivory showed lower levels of direct defense-related TPI transcripts and less TPI protein activity compared with wild-type plants ( Figure  2E ). In the field, the TPI protein activity of ir-wrky3, ir-wrky6, and irwrky3/6 OS-elicited plants was 45 to 55% lower than that of wildtype plants ( Figure 5B ; ANOVA Fisher's PLSD, P < 0.05). In addition, levels of diterpene glycosides (DTGs), which have been shown to reduce larval growth in tobacco budworm and to reduce consumption of M. sexta larvae (Jassbi et al., 2006 (Jassbi et al., , 2008 , were also significantly lower in WRKY-silenced plants compared with wild-type plants ( Figure 5B ; ANOVA Fisher's PLSD, P < 0.05).
The release of volatile organic compounds (VOCs), which function as effective indirect defenses in nature by attracting Geocoris pallens predators to herbivore-attacked plants (Kessler and Baldwin, 2001) , is activated by a JA burst (Halitschke and Baldwin, 2003) . Because the JA burst was not as strong in the field-grown WRKY-silenced lines, we examined whether the OS-elicited VOC bouquet of wild-type plants differs from that of WRKY-silenced plants. The most active OS-elicited N. attenuata sesquiterpene known to attract predators is cis-a-bergamotene (Kessler and Baldwin, 2001 ). We used a whole-plant trapping system to determine the total amount of cis-a-bergamotene and C6-volatiles (green leaf volatiles) released from the induced plants. VOCs released from wild-type and WRKY-silenced plants 24 h after OS elicitation were collected over an 8-h period and measured by gas chromatography-mass spectrometry. After plants that had been exposed to natural herbivores were elicited once with OS, the emission of cis-a-bergamotene was lower in all three transformed lines, ir-wrky3, ir-wrky6, and ir-wrky3/6, than in wild-type plants ( Figure 5B ; ANOVA Fisher's PLSD, P < 0.0001, < 0.0001, and < 0.0001, respectively). In contrast with levels of the sesquiterpene, bergamotene, levels of green leaf volatile cis-3-hexenol emitted by WRKY plants upon OS elicitation were not significantly different from those emitted by wild-type plants ( Figure 5B ).
We assumed that the abnormal herbivore loads and damage suffered by WRKY-silenced plants resulted from both impaired direct defenses (as demonstrated above) and the inability of these plants to recruit predatory insects by releasing cis-abergamotene after being attacked. To estimate the role of indirect defenses in herbivore susceptibility, we glued M. sexta eggs to wild-type and WRKY-silenced plants and measured the rate at which Manduca eggs were predated ( Figure 5A ). Predation rates of eggs placed on ir-wrky3, ir-wrky6, and ir-wrky3/6 plants were determined in the habitats used previously to monitor herbivore-induced damage. Predation of M. sexta eggs began immediately after OS elicitation (and cis-a-bergamotene emission); 36 h later, the predation rates on ir-wrky3, ir-wrky6, and ir-wrky3/6 plants were significantly lower than those on wildtype plants ( Figure 5A ; ANOVA Fisher's PLSD, P < 0.0001, < 0.0001, and < 0.0001, respectively). All predated eggs carried the characteristic signature of attack from G. pallens, namely, a small puncture hole through which the contents had been emptied.
Exogenous Application of JA Complements WRKY Phenotypes
Overall, WRKY3 and WRKY6 seem to contribute to mounting increased levels of herbivore resistance by regulating JA levels and/or JA-dependent direct and indirect defenses. To determine whether impaired resistance to herbivores and compromised defenses in WRKY-silenced plants could be primarily due to lower JA levels ( Figures 2D, 3B , and 4A), we treated plants with JA in the field and in the glasshouse. First, we treated leaves of field-grown plants with OS that had been supplemented with synthetic JA. This direct JA complementation restored TPI activity levels in ir-wrky3, ir-wrky6, and ir-wrky3/6 plants to the levels observed in wild-type plants ( Figure 6A ). In addition, the levels of cis-a-bergamotene released from OS-elicited ir-wrky3, ir-wrky6, and ir-wrky3/6 plants were restored by JA treatment to the levels released from wild-type plants ( Figure 6B ), implying that lower JA levels in WRKY-silenced plants were responsible for lower OS-elicited direct and indirect defenses.
In the field experiments, ir-wrky3 and ir-wrky3/6 plants were impaired in JA-Ile/-Leu accumulation. In similar glasshouse JA complementation experiments, both ir-wrky3 and ir-wrky3/6 lines were found to have delayed JA-Ile bursts, suggesting that these plants indeed possess lower conjugation capacity compared with wild-type or ir-wrky6 plants ( Figure 6D ). These results suggest that WRKY3 may play role in activating the JAR4 enzyme or regulating the transcription of an unknown JA conjugating enzyme in N. attenuata ( Figure 7) .
Next, we sprayed wild-type, ir-wrky3, ir-wrky6, and ir-wrky3/6 rosette-stage plants in the glasshouse with a 1 mM JA solution (dissolved in 30% ethanol) and examined how M. sexta performed on them. In a control experiment, M. sexta larvae that fed on plants sprayed with an equivalent amount of 30% ethanol (used to suspend JA) retained their accelerated growth rates on ir-wrky3, ir-wrky6, and ir-wrky3/6 compared with wild-type plants (inset in Figure 6C ), essentially as observed before in unsprayed plants ( Figure 2C) . However, the caterpillars that fed on WRKYdeficient plants sprayed with JA had the same low growth rates as caterpillars that fed on wild-type plants ( Figure 6C ), demonstrating that the levels of direct defenses in WRKY-deficient plants were restored to normal levels.
DISCUSSION
We describe two WRKY transcription factors from N. attenuata that are differentially regulated during herbivore attack; both 8 of 17
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Transcription of N. attenuata WRKY Genes
WRKY transcription factors that are involved in regulating various plant-specific responses, including pathogen defense, senescence, trichome development, and the biosynthesis of secondary metabolites, are often functionally redundant, complicating analysis of these genes (Ulker and Somssich, 2004; Zhang and Wang, 2005) . Two WRKY genes isolated from N. attenuata contain highly conserved WRKY domains in their protein sequence; however, other parts of the proteins show significantly less similarity, suggesting that the functions of these proteins do not overlap. Indeed, the phenotypic similarity we found between ir-wrky3 and ir-wrky6 plants is due to the function of WRKY3, which is required to activate WRKY6 transcription. In other words, plants deficient in WRKY3 are also deficient in WRKY6 accumulation, resulting in a common phenotype that is determined by the downstream gene product of WRKY6 (Figure 7) . Two previously reported defense-related genes from N. tabacum that have strong similarity to N. attenuata WRKY3 and WRKY6 genes, Nt WRKY2 and Nt WRKY1, rapidly respond to wounding and treatment with fungal elicitors (Nishiuchi et al., 2004; Yamamoto et al., 2004) . Molecular analysis of the recombinant proteins showed that these proteins bind specifically to the W-box sequence found in the promoter of tobacco class I basic chitinase gene CHN48; this promoter was also transactivated in transient expression assays with N. tabacum WRKY1, WRKY2, and WRKY4 proteins. In addition, the efficiency of the transactivation process was further enhanced in elicitor-treated cells, suggesting that the proteins were posttranslationally modified in response to elicitor-derived signals.
Positioning WRKY Genes in the Defense Cascade
We found that neither of the N. attenuata WRKY genes is transcriptionally induced by JAs. Thus, these genes may function in herbivore defense downstream of the hypothetical FAC receptor in plants and upstream of the JA signal (Figure 7) . Recently, two wound-and FAC-elicited mitogen-activated protein kinases (MAPKs), salicylic acid-induced protein kinase (SIPK) and wound-induced protein kinase (WIPK), were characterized in N. attenuata (Wu et al., 2007) . Plants whose SIPK or WIPK was silenced by virus-induced gene silencing had diminished JA and JA-Ile/-Leu bursts and lower levels of JA biosynthetic gene transcripts as well as lower WRKY6 transcript levels (Wu et al., 2007) . Given the similarity in phenotypes and the dependence of WRKY6 gene transcription on SIPK and WIPK, we propose that WRKY3 and WRKY6 transcriptionally activate JA biosynthesis and downstream defenses in a MAPKdependent manner. The obvious targets of N. attenuata WRKY3 and WRKY6 are the JA-biosynthetic genes, including LOX3, AOS, AOC, and OPR3, which are essential for JA accumulation after wounding and herbivore attack (Halitschke and Baldwin, 2003 ; Figure 4A ). Accumulation of these transcripts was lower in field-grown plants silenced in WRKY expression; however, it is still unknown whether WRKY proteins directly regulate the transcription of these genes or if they use another transcription factor (s) to interact with their promoters.
Are WRKY Genes Targets of MAPKs?
The activation of several WRKY transcription factors is known to be regulated posttranslationally by phosphorylation (Ulker and Somssich, 2004) . For example, N. tabacum WRKY1 (accession number AAD16138), which is structurally different from the tobacco WRKY1 gene described by Nishiuchi et al. (2004) (accession number BAA82107), is phosphorylated by SIPK; this process in turn enhances WRKY1 DNA binding activity to its cognate binding site, a W-box sequence from the tobacco chitinase gene CHN50 (Menke et al., 2005) . In addition, the closest Arabidopsis relative to N. attenuata WRKY3 and WRKY6 genes, pathogen-, SA-and ethylene-responsive WRKY33 (Rushton et al., 2002) , is phosphorylated by MAP kinase 4 (MPK4). Because WRKY33 also interacts with the MKS1 protein, MKS1 is thought to help couple the kinase to the WRKY33 transcription factor during defense activation (Andreasson et al., 2005) . Interestingly, MPK4 functions to regulate hormone crosstalk and systemic acquired resistance in Arabidopsis plants: it is required both to repress SA-dependent resistance and to activate JA-dependent defense gene expression (Petersen et al., 2000) . The involvement of MAPKs in regulating JA and herbivore defense (Wu et al., 2007) and the dependence of pathogen resistance on the same MAPK cascade (Seo et al., 2007) may facilitate crosstalk between plant defenses against pathogens and herbivores and two main phytohormone signals, SA and JA wrky3, ir-wrky6, or ir-wrky3/6 (black) plants. Mean (6SE) canopy damage caused by mirids (T. notatus). Mean (6SE) percentage of M. sexta eggs predated per wild-type plant (solid line), ir-wrky3 (dashed line), ir-wrky6 (dotted line), or ir-wrky3/6 (dashed/dotted line) plants grown in Utah. Predation rates were monitored before and after elicitation with OS. Five eggs were glued on the second stem leaf of each plant (inset), and predation rates from G. pallens were monitored for 24 h before and for 36 h after OS elicitation. (B) Mean (6SE) of TPI activity levels in leaves from wild-type plants (black) or from lines silenced in WRKY3 (dark gray), WRKY6 (light gray), or both (open) 3 d after plants growing in the field were elicited with OS (n = 6). Different letters reflect significant differences at P < 0.05 from wild-type plants that were treated similarly. Mean (6SE) DTG levels. Mean (6SE) emissions of cis-a-bergamotene 24 h after OS elicitation trapped over an 8-h period. Mean (6SE) emission of cis-3-hexenol. C6-compounds were trapped over an 8-h period from plants treated with wounding and OS.
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The Plant Cell (Li et al., 2004 (Li et al., , 2006 Qiu et al., 2007) . Divergence of signaling pathways after the MAPK level probably involves specific transcription factors, including members of the WRKY family.
Overexpressing WRKY Genes Does Not Produce a Defense Phenotype
The ectopic overexpression of WRKY3 and WRKY6 transcription factors in our experiments did not result in the expected constitutive defense phenotype. Specific posttranslational modification (s) of WRKY proteins, including phosphorylation by MAPKs (Ulker and Somssich, 2004) , during defense elicitation may be required to mediate downstream responses. The presence of transcriptional complexes consisting of several WRKY proteins and other scaffold proteins (such as MKS1) may also be required for WRKY3
and WRKY6 to function in planta. Several examples of such interactions have been reported in the literature: WRKY71 and WRKY51 proteins interact when the a-amylase gene is repressed in rice aleurone cells (Xie et al., 2006) , and pathogen-induced Arabidopsis WRKY18, WRKY40, and WRKY60 transcription factors interact in pathogen defense (Xu et al., 2006) . Understanding the posttranslational modifications and interactions of N. attenuata WRKY proteins will make it easier to determine the molecular function of these proteins in herbivore defense. Alternatively, WRKY transcripts in wild-type plants accumulate within 30 min after their first encounter with herbivores ( Figures  1B and 1C ). This could mean that the plants ectopically overexpressing WRKY genes gain only very limited time advantage from having the transcripts, while efficient herbivore defense responses take at least several hours to launch. The short time advantage of WRKY-overexpressing lines may be too short to be translated into a stronger defense response.
Using Gene Silencing to Understand the Role of WRKY3 and WRKY6 in Defense
To understand the ecological role of WRKY regulatory proteins, we used gene silencing in combination with bioassays and field releases; these techniques allowed us to monitor a large range of responses and interactions between various stress factors, including pathogens, herbivores, and abiotic stress, in a single experimental design (Baldwin, 2001 ). We performed parallel experiments with WRKY-silenced plants in the glasshouse and at our experimental station in the Great Basin Desert in Utah using M. sexta and natural populations of herbivores (including Manduca quinquemaculata), respectively. In the field, ir-wrky3 and ir-wrky6 plants were morphologically indistinguishable from wild-type plants; however, silencing WRKY3 and WRKY6 genes impaired the deployment of both direct and indirect defenses, thus making these plants more susceptible to herbivores in nature. As the field data showed, several novel phenotypic differences appeared when plants were grown in their natural habitat and highlight the value of studying highly pleiotropic responses, such as resistance traits, in natural environments.
JA Metabolism in Field-Grown WRKY-Silenced Plants
JA and JA-Ile/-Leu bursts in field-grown plants were different among ir-wrky3, ir-wrky6, and wild-type plants. In the controlled glasshouse environment, the phytohormone burst in inexperienced ir-wrky plants was identical to the burst in wild-type plants after a single OS elicitation ( Figures 3A and 3C ). However, in the field-grown plants that were silenced in WRKY3 or WRKY6 expression, we observed smaller JA bursts after OS elicitation than in wild-type plants ( Figure 4A ), which was similar to multiply elicited glasshouse-grown plants (Figures 3B and 3D) . The additional differences in JA-Ile/-Leu levels observed in ir-wrky3 plants suggest that WRKY3 and WRKY6 genes, despite their common phenotype, affect JA metabolism differently. We confirmed the differences found in JA-Ile/-Leu concentrations in the field after OS elicitation in a separate laboratory experiment using glasshouse plants that were simultaneously elicited with OS and exogenous JA (the latter to mimic the plant's prior history of attack in the field). Such treatment again resulted in lower levels of JA-Ile/-Leu in ir-wrky3 plants compared with wild-type or ir-wrky6 plants. At present, we are analyzing the role of both WRKY genes in JA-Ile/-Leu formation and in the WRKY-mediated responses; in particular, we ask why ir-wrky6 plants that accumulate wild-type levels of JA-Ile/-Leu still show impaired defense responses. JAIle/-Leu is believed to be the form of JA that mediates the degradation of JAZ repressors and activates most defense genes at the transcriptional level (Chini et al., 2007; Thines et al., 2007) . We are exploring two working hypotheses: that WRKY3 controls the expression of JA-conjugating enzymes and that WRKY6 interacts with the signaling pathway downstream of JA-Ile. Interestingly, N. attenuata plants silenced in their expression of the COI1 gene show normal or even increased levels of JA-Ile/-Leu, despite their low levels of elicited JA (Paschold et al., 2008) . It suggests that WRKY6 may interact with JA signaling at the level of the COI1 protein; however, in contrast with true COI1 mutants, this deficiency can be restored by exogenously applied JA and supraoptimal levels of JA-Ile (Figures 6A to 6D ).
The Priming Effect of N. attenuata WRKY3 and WRKY6 Genes
The fact that treatment with JA restored the expression of defenses that were impaired in both WRKY-silenced lines suggests that impaired accumulation of JA and its metabolites in these plants was primarily responsible. However, the JA burst in glasshouse-grown plants after a single OS elicitation did not differ significantly between ir-wrky and wild-type plants. The differences in JA content and subsequently compromised defenses appeared only when plants were exposed to (1) natural stresses, (2) continuous feeding by M. sexta larvae, or (3) repeated OS elicitations that closely mimicked herbivore feeding. These findings suggest that the main function of WRKY3 and WRKY6 genes might not be to elicit the primary JA burst but, rather, to integrate and maintain JA levels and defense responses during prolonged herbivore attack. According to our observations, the JA burst in N. attenuata elicited by a single OS elicitation lasts on average 3 h, after which levels of JA and JAIle/-Leu return to their pre-elicitation levels (Kang et al., 2006) . How repeated elicitations, whose timing and duration vary due to variable insect feeding behavior (Van Dam et al., 2001b) , are integrated to elicit cost-optimized defense responses in plants remains largely unknown. We propose that N. attenuata WRKY 
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The Plant Cell genes, being elicited by wounding and FACs, help to coordinate these defense signals generated from individual encounters with herbivores, potentiating and/or sustaining optimal defense output. Consistent with this hypothesis, both constitutive JA levels and the OS-elicited JA burst of field-grown WRKY-silenced plants were found to be significantly smaller than these levels or this burst in wild-type plants. Such a discrepancy could be viewed as the failure of WRKY-deficient plants to integrate environmental signals into an optimized defense response. Further experiments are now being conducted that are aimed at finding the direct transcriptional targets of WRKY3 and WRKY6 genes in native tobacco, which will help to further establish the role of these genes in mediating defense responses to herbivores.
METHODS
Isolation of WRKY3/6 cDNAs WRKY3 and WRKY6 were isolated from cDNA libraries (lZAPll vector; Stratagene) prepared from the leaves of Nicotiana attenuata plants fed on by Manduca sexta for 24 h (Ziegler et al., 2001) . We screened the library using a WRKY fragment isolated from a DDRT-PCR (Hui et al., 2003) according to the manufacturer's instructions. Sequencing was conducted using an ABI PRISM 377 automated sequencer (Applied Biosystems). Clones were sequenced in both sense and antisense directions. Using ClustalW (Multiple Sequence Alignment, http://align.genome.jp/), we aligned protein sequences from WRKYs with at least some published biological functions and constructed a neighbor-joining tree using MEGA 3.1 software (see Supplemental Figure 1A online).
Plant Culture in the Glasshouse and in the Field
Seeds of wild-type N. attenuata Torr. Ex Watts lines (synonymous with Nicotiana torreyana Nelson and Macbr.; Solanaceae), originally collected from a native population in southwestern Utah in 1988, were transformed (see below) and used for all experiments. The same inbred generation of seeds was used for the wild type and transformations.
For glasshouse experiments, seeds were germinated on sterile Gamborg B5 media (Sigma-Aldrich) and grown as described by Kruegel et al. (2002) and Qu et al. (2004) . For field experiments in 2006, plants were transferred to 50 mm of peat pellets (Jiffy Products) after germinating in Petri dishes on agar medium. Seedlings were gradually exposed to the environmental conditions of the Great Basin Desert (high sun exposure and low relative humidity) over 2 weeks and afterwards situated in two different habitats: adapted seedlings of the same size were transplanted to a field plot at the Lytle Ranch Preserve research station (Santa Clara, UT) and into a natural population of N. attenuata growing in an area near Santa Clara, UT, that had been burned by a wildfire in 2005. Seedlings were watered every other day for 2 weeks until roots were established in the native soil. Releases of the transformed plants were conducted under APHIS notification number 06-003-08n.
In 2007, seeds were germinated directly in Jiffy 703 pots. These were watered every other day over 2 weeks and fertilized with iron solution (stock solution 2.78 g FeSO4·7 H 2 O and 3.93 g Triplex in 1 liter H 2 O, 100-fold diluted). After 1 month, plants were transplanted into natural habitats of N. attenuata in the Great Basin Desert. Wild-type and transformed plants were placed in a watered field plot at the Lytle Ranch Preserve research station in pairs. Releases of the transformed plants were conducted under APHIS notification number 062424-03r. Experiments in 2008 were conducted under APHIS notification numbers 06-242-02r and 06-242-03r.
Nucleic Acid Analysis
The isolation of DNA and RNA and DNA gel blot analysis were performed as described by Winz and Baldwin (2001) . Blots were hybridized with radioactively labeled WRKY3 or WRKY6 full-length cDNA or a PCR fragment of the hygromycin phosphotransferase II gene specific for the selective marker located on the T-DNA.
A quantitative real-time PCR assay was used to analyze the transcript accumulation of WRKY3/6. Using TaqMan gene expression assay, specific amplicons for WRKY3 (WRKY3_F1, 59-CAGGATATGCAAATTCAGA-GGATTC-39; WRKY3_R1, 59-ATTCAATTCAGCAGAGCAATGTG-39; and WRKY3_P1, 59-AGCAAAGGACGAGCCTCGAGGTGACA-39) and WRKY6 (WRKY6_F1, 59-ACAAAACAAAGATGAAGTTCCAAAG-39; WRKY6_R1, 59-GGAGAAGCTGGTGATGAAGATG-39; and WRKY6_P1, 59-AAGTCATT-TCCACCTTGTTCTTTGCCA-39) detecting only the endogenous transcript were designed. Two additional set of primers were later used with the SYBR Green detection system for WRKY3 (WRKY3_5prime_FWD, 59-CCAATTTG-GACAATCTTTTGCATC-39; WRKY3_5prime_RVS, 59-TGCATAGTGTTGAA-TTCAGTTCTTCC-39) and WRKY6 (WRKY6_3prime_FWD, 59-TCGATG-TAATTTATGATAGTTTTTGC-39; WRKY6_3prime_RVS, 59-CAAATATCT-TAATGGGGAATTACAGC-39) detection of endogenous transcripts. As both detection methods provided consistently similar results, only TaqMan data are presented in the figures. LOX3, AOS, AOC, OPR3, JAR4, and JAR6 transcript levels were detected with primers as described by Paschold et al. (2008) .
Total RNA was isolated from four to five replicated wild-type plants, and each of the transgenic lines from each treatment and time point and 66.6 ng of total RNA of each samples was used for cDNA synthesis with the SuperScript first-strand synthesis system (Invitrogen). Real-time PCR was performed on a SDS7700 system (Applied Biosystems) using the qPCR core reagent kit for TaqMan and qPCR core kit for SYBR green analysis, respectively (Eurogentec). N. attenuata sulfite reductase (ECI) gene was used as an internal standard for normalizing cDNA concentration variations (Wang et al., 2007b) .
Generation and Characterization of Transgenic Plants
Plants overexpressing WRKY3 and WRKY6 were generated by cloning full-length PCR-amplified cDNA fragments of WRKY3 (ov-WRKY3) and WRKY6 (ov-WRKY6) in a pRESC2 transformation vector after a constitutive 35S cauliflower mosaic virus promoter (see Supplemental Figures  3A and 3B online). Plants were transformed and screened for single T-DNA inserts by DNA gel blotting (see Supplemental Figures 3C and 3D  online) .
To generate stably transformed plants silenced in their expression of WRKY3, a 1-kb cDNA fragment of WRKY3 was PCR amplified using the primer sets of WRKY5-33 (59-GCGGCGCCATGGCTCGAGGCTCGTCC-TTTGCTC-39), WRKY6-33 (59-GCGGCGCTGCAGCTCAGAGCAATGG-TGGGAACC-39), and WRKY7-30 (59-GCGGCGGAGCTCAGAGCAATG-GTGGGAACC-39) and was cloned in an inverted-repeat orientation (ir-wrky3) in a pSOL3 transformation vector (see Supplemental Figure  5A online) as described by Bubner et al. (2006) to silence the gene. In the case of WRKY6, a 1-kb cDNA fragment of WRKY6 was amplified with the primers WRKY8-34 (59-GCGGCGCCATGGCGAATACAATGAATTGA-GATGG-39), WRKY10-34 (59-GCGGCGCTCGAGCGAATACAATGAATT-GAGATGG-39), and WRKY9-21 (59-GGAAATATGGGCAGAAGCAAG-39), and PCR products were also cloned in an inverted-repeat orientation (irwrky6) in a pSOL3 transformation vector (see Supplemental Figure 5B online) using respective restriction sites or blunt-ended DNA fragments (Bubner et al., 2006) . Plant transformation using Agrobacterium tumefaciens was performed as described by Kruegel et al. (2002) . Progeny of homozygous lines harboring a single T-DNA insertion were selected by hygromycin resistance screening, confirmed by DNA gel blotting (see Supplemental Figures 5C and 5D online) and determined to be diploid by flow cytometry (Bubner et al., 2006) . T2 and T3 homozygous plants from two homozygous lines, which accumulated low basal and OS-elicited levels of WRKY3 and WRKY6 transcripts (Figures 2A and 2B) , were used for subsequent analysis and creation of the double-silenced heterozygous plant. The impact of silencing WRKY3 and WRKY6 on other independent WRKY genes was assessed by measuring the transcript levels of five other independent WRKY genes in ir-wrky3, ir-wrky6, and ir-wrky3/6 plants. The transcripts of these genes were not influenced, suggesting that silencing constructs were specific for WRKY3 and WRKY6 genes (see Supplemental Figure 8 online).
Plant Treatments in the Glasshouse
For the kinetic analysis of WRKY expression in wild-type plants, five individual plants (biological replicates) were used at each harvest time for each treatment. Rosette-stage plants were randomly assigned to treatments. Leaves at nodes +1 and +2 (first and second fully expanded) were elicited. A fabric pattern wheel was used to create six rows of puncture wounds parallel to the midrib. Twenty microliters of deionized water or M. sexta OS (diluted in 1:1 deionized water) from fourth-or fifth-instar larvae (for the treatment referred to as OS-elicited) or an OS equivalent concentration of a synthetic mixture of the two most abundant FACs in M. sexta OS, N-linolenoyl-L-glutamine and N-linolenoyl-L-glutamate (0.012 mM N-linolenoyl-L-glutamine and 0.034 mM N-linolenoyl-L-glutamate, synthesized in-house), were immediately added to the puncture wounds. Nonwounded plants were treated with 150 mg methyl jasmonate in 20 mL of lanolin paste, which was applied to lamina of the leaves. The treated leaves or those at the next youngest positions (leaves at nodes 0 and 21) were harvested 0, 15, 30, 60, 120, 240, and 480 min after treatment and frozen in liquid nitrogen. Samples from the plants treated with FACs were harvested only until 60 min after elicitation.
To examine the effects of silencing WRKY3 or WRKY6 on the accumulation of JA and JA-Ile/-Leu at the site of attack from M. sexta larvae, neonates were placed on each of six replicate plants from each genotype and harvest, two each at leaf nodes +2, +1, 0, and 21, and enclosed in clip cages. Leaf tissue from within 2 cm of the feeding edge was collected 22 and 30 h after plants were infested with larvae. For the standardized elicitation of phytohormone accumulation, leaves at node +2 from plants at the rosette stage were OS elicited. The accumulation of JA and JAIle/-Leu was monitored 60 min after a single elicitation (one leaf elicited with six rows of holes and immediately treated with 20 mL of OS) and a multiple elicitation (six consecutive OS elicitations involving one leaf wounded with one row of holes to which 10 mL of OS was applied every 30 min for six times and harvested 30 min after the last elicitation). Identical nonelicited leaves were also harvested as controls.
Analysis of Herbivore Susceptibility in the Glasshouse and in the Field
In the glasshouse, M. sexta larvae were monitored on the stably transformed lines. M. sexta eggs were purchased from North Carolina State University. To examine how M. sexta performed on WRKY-overexpressed lines and WRKY-silenced lines and compare how they performed on wildtype plants in the glasshouse, we enclosed neonates on node +2 leaves and allowed the caterpillars to feed. Each caterpillar was weighed on days 4, 6, and 8 (and 10).
In the field, we observed the abundance of naturally occurring herbivores and the particular damage they caused to 23 pairs of wild-type and ir-wrky6 lines and to eight pairs of wild-type and ir-wrky3 lines in 2006 as well as to six to eight pairs of ir-wrky3, ir-wrky6, and ir-wrky3/6 lines in 2007, respectively. Plants were monitored starting 21 d after they were transplanted into the field in 2006 and 50 d after being transplanted in 2007, depending on environmental conditions. To examine the effect of silencing WRKYs on herbivore-induced indirect defense, we conducted an egg predation assay specifically designed to measure the ability of N. attenuata's herbivore-induced VOCs to attract the dominant predator of N. attenuata herbivores, Geocoris pallens, as previously described (Kessler and Baldwin, 2001 ). Five M. sexta eggs were glued on the second stem leaf using a natural glue that is known to have no effect on predation rates or on plants' VOC emissions (Kessler and Baldwin, 2001 ). Seven replicate wild-type and ir-wrky3 plant pairs and seven wild-type and ir-wrky6 plant pairs were used in this experiment in 2006 and six pairs, a wild-type and a transformed plant, in 2007. The number of M. sexta eggs predated was measured before elicitation and after the first stem leaf was OS elicited.
Analysis of Direct and Indirect Defense Traits
To analyze secondary metabolites and TPI activity, all of which are known to be regulated by M. sexta attack, elicited leaf tissue was harvested 72 h after continuous feeding by M. sexta or after OS elicitation; the accumulation of secondary metabolites (nicotine and DTGs) was analyzed by high-performance liquid chromatography as described by Keinanen et al. (2001) . TPI activity was analyzed by the radial diffusion assay described by Van Dam et al. (2001a) .
In 2006, terpenoid VOCs were trapped from individual leaves of fieldgrown plants 24 h after OS elicitation. In the next season, whole plants were used to collect sesquiterpenes and C6-volatiles (green leaf volatiles). The VOCs released from treated leaves or whole plants were trapped for 8 h using charcoal traps (OrboM32; Supelco). The traps were spiked with 80 ng of tetraline as an internal standard and eluted with 500 mL dichloromethane. Samples were analyzed by gas chromatographymass spectrometry as described by Halitschke et al. (2000) .
Analysis of Phytohormone Accumulation
Approximately 300 mg of tissues from each sample was homogenized on a FastPrep homogenizer (Thermo Electron) with 1 mL of ethyl acetate spiked with 200 ng of 1,2-13 C-JA, paracoumaric acid and D4-SA as internal standards in the FastPrep tubes. After centrifugation at maximum speed for 10 min at 48C, the supernatants were transferred to fresh 2-mL Eppendorf tubes, and the pellet was re-extracted with 1 mL of ethyl acetate and centrifuged. The supernatants were combined and evaporated completely on a vacuum concentrator. The residue was resuspended in 0.5 mL of 70% methanol (v/v) and centrifuged at maximum speed for 1 min. The supernatants were then used to analyze JA and JA-Ile/-Leu with a 1200L Varian liquid chromatography-triple-quadrupole-mass spectrometry system (Varian). Fifteen microliters of each sample was injected into a Pursuit C8 column (3 mm, 150 3 2 mm; Varian) at a flow rate of 0.1 mL/min. A gradient of mobile phase composed of solvent A (0.05% formic acid) and solvent B (0. 05% formic acid in methanol) was used for separation, and a negative electrospray ionization mode was used for detection. Ions with mass-to-charge ratios at 209, 211, 322, and 163 generated from endogenous JA, internal JA standard, JA-Ile/-Leu conjugates, and paracoumaric acid in the ion source were collected and fragmented with a collision energy of 12 V. Since JA-Ile and JA-Leu have the same molecular mass and retention time, our liquid chromatography-triple-quadrupoletandem mass spectrometry method was not able to distinguish the two, as described by Wang et al. (2007b) .
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under accession numbers AY456271 (Na WRKY3) and AY456272 (Na WRKY6) (see Supplemental Figure 1 online).
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